1. INTRODUCTION {#sec1}
===============

Dementia is an increasing health problem in the aging population. Without effective prevention and treatment, it will become a steadily increasing socioeconomic burden \[[@r1], [@r2]\]. Age-related changes in the brain can be seen decades before the first symptoms of cognitive decline appear \[[@r3]\] and data accumulates that they are also related to signs of an activated immune system \[[@r4]\]. Nowadays, the gastrointestinal tract with its commensal microbiota is of increasing interest in different neurodegenerative diseases \[[@r5]\]. The microbiome influences on the regulation of immunity, inflammatory response, and neuromodulatory mechanisms. Thus, a healthy microbiota composition can be of immense benefit for the systemic immune defense and brain function and homeostasis.

Gut microbes are able to produce short chain fatty acids *e.g.* from complex carbohydrates such as dietary fiber, which are important for intestinal and blood brain barrier integrity \[[@r6]\]. Some of these metabolites are neuromodulators, moreover microbiota are able to generate neurotransmitters and precursors such as noradrenalin and tryptophan or γ-gamma-aminobutyric acid (GABA) \[[@r7], [@r8]\]. These neuroactive metabolites are important for the neuropsychiatric status, especially in the elderly \[[@r6], [@r9]\].

On the contrary, the production of mixtures of immunogenic lipopolysaccharide and the secretion of amyloid from the outer membranes of microbial cells is also suspected to be linked to the progression of neurodegeneration \[[@r10]\]. Thus, the gastrointestinal barrier function and gut microbiota seem to be among the key factors of mental health and represent another piece to the puzzle in the pathophysiology of Alzheimer's disease (AD) \[[@r11]\].

The administration of probiotics is suggested to promote suppression of pathogen proliferation, and to stimulate epithelial cell proliferation and differentiation. Thereby, the intestinal barrier becomes fortified and modulates the immune system, enabling an environment in which beneficial microbes can proliferate easier. This can be enhanced further in combination with prebiotics \[[@r12]\]. Supplementation of both were postulated to provide synergistic effects especially important in preventing dementia, as there is an age-related decrease in the diversity of gut microbiota \[[@r13]\]. However, studies that dissect the potential benefit of probiotic supplements in the course of AD are still scarce.

In this study, we analyzed serum and feces specimens of AD patients before and after intake of a probiotic preparation. The concentrations of biomarkers of immune activation neopterin and the ratio of kynurenine to tryptophan were analyzed. Results were compared to fecal bacteria compositions and to their change under supplementation with probiotic.

The conversion to kynurenine is the key initiating step of tryptophan breakdown *via* indoleamine 2,3-dioxygenase (IDO-1). Enhanced production of immune system biomarker neopterin \[[@r14]-[@r16]\] and accelerated breakdown of tryptophan have been reported to correlate with the cognitive decline in patients suffering from AD and other forms of dementia. These findings link activated macrophages and an activated immune system to the pathogenesis of AD.

2. PATIENTS AND METHODS {#sec2}
=======================

After written informed consent, twenty consecutive outpatients from the Department of Gerontology of the Neuromed Campus at the Kepler University Clinic Upper Austria with symptoms of dementia (9 females, 11 males, aged 76.7 ± 9.7 years) were included in the study between October 2017 and February 2018. The patients fulfilled the International Classification of Diseases (ICD)-10 criteria of AD (F 00.1). Diagnosis was proofed by magnetic resonance tomography (MRT) scans and routine laboratory tests (electrolytes, blood cell counts, serum enzymes, electrolytes, urine analysis, blood glucose, hemoglobin A1c, bilirubin, creatinine, blood urea nitrogen, C-reactive protein (CRP), total serum protein, folic acid, vitamin B~12~, thyroid parameters). The Mini Mental State Examination (MMSE) and the Clock Drawing Test (CDT) scores were examined for determination of the patients' cognitive status.

Before and after 28 days of supplementation with a multispecies probiotic, two gramms of fecal samples, were collected from the patients and stored immediately at -20°C for later analysis of microbiota.

Microbiota were quantified with commercially available assays (Immundiagnostik, Bensheim, Germany) according to the manufacturer´s instructions. Briefly, DNA was extracted from faecal samples utilizing the MagNA Pure LC DNA Isolation Kit - (Roche Life Science, Mannheim, Germany). Quantitative polymerase chain reaction (qPCR) was performed using the MutaPLATE qPCR Assays (Immundiagnostik, Bensheim, Germany) for the designated microbial targets *Akkermansia muciniphila, Faecalibacterium prausnitzii* and *Clostridium cluster I*, for detection and amplification in a RotorGene cycler (Qiagen, Hilden, Germany). For quantification, the cycle threshold of each sample was compared with a standard curve according to the standards supplied with each Kit, respectively.

Measurements of fecal inflammation markers calprotectin, α~1~-antitrypsin and zonulin were performed using the respective enzyme-linked immonosorbent assays (EIAs from Immundiagnostik, Bensheim, Germany).

Additionally, the following parameters were measured in serum specimens collected in parallel: neopterin, vitamin D and brain derived nerve growth factor (BDNF) by ELISA (BRAHMS, Hennigsdorf, Germany and R&D Systems, Inc., Minneapolis, MN), and aromatic amino acids by HPLC. For tryptophan and kynurenine, the kynurenine to tryptophan ratio (Kyn/Trp) was calculated as an index of tryptophan breakdown \[[@r19]\]. The phenylalanine to tyrosine ratio (Phe/Tyr) is an index of phenylalanine hydroxylase (PAH) activity \[[@r20]\]. Nitrite concentrations were determined with Griess reagent and allows indirect conclusions about the potential role of nitric oxide synthase \[[@r21]\]. Serum specimens were kept at -18°C until measurements that were performed in one single run at the end of the study.

Aqueous suspensions of the probiotic Omnibiotic Stress Repair (Allergosan, Graz, Austria) were administered daily in the morning before breakfast for 28 days. The content of one sachet was suspended and kept for 15 min in 1/8 L lukewarm water. Then the suspensions was stirred again and drunk. The preparation consisted of *Lactobacillus casei W56, Lactococcus lactis W19, Lactobacillus acidophilus W22, Bifidobacterium lactis W52, Lactobacillus paracasei W20, Lactobacillus plantarum W62, Bifidobacterium lactis W51, Bifidobacterium bifidum W23 and Lactobacillus salivarius W24*. Any additional medication including vitamin D supplementation remained constant throughout probiotic treatment.

Data were analyzed using the Statistical Package for the Social Sciences (version 19, SPSS, Chicago, IL, USA). To take into account that not all collected data followed a normal distribution, non-parametric Friedman and Wilcoxon signed-rank test were applied. To test for associations between variables, Spearman rank correlation analysis was performed, p values below 0.05 (two-sided) were considered to indicate statistical significance.

3. RESULTS {#sec3}
==========

3.1. Baseline {#sec3.1}
-------------

The routine laboratory tests excluded all secondary forms of a dementing process. In MRT scans of all patients, global cerebral atrophy with emphasis of the temporobasal region without a circumscribed vascular lesion was observed. The MMSE in patients was mean ± SD 18.5 ± 7.7, and CDT was 4.3 ± 2.7. There were no clinical signs of an acute infection, and the average serum concentration of CRP was 1.6 ± 2.3 mg/dl at the time of specimen collection. However, one patient presented with CRP = 5.5 mg/dl without any clinical explanation. He remained to be included in the data set for statistical analyses.

The average concentrations and ranges of neopterin, tryptophan, kynurenine, Kyn/Trp, tyrosine, phenylalanine, Phe/Tyr and of vitamin D as well as BDNF are summarized in Table **[1](#T1){ref-type="table"}**. Close associations existed between serum concentrations of neopterin and tryptophan (r~s~ = -0.572, p \<0.01) and Kyn/Trp (r~s~ = 0.626, p \<0.001).

The concentrations of the fecal biomarkers are given in Table **[2](#T2){ref-type="table"}**. Fecal S100A12 correlated with fecal α~1~-antitrypsin (r~s~ = 0.789, p \<0.001). Moreover, fecal S100A12 correlated inversely with CDT (rs = -0.674, p \<0.01), but not significantly with MMSE.

The results of the determination of fecal bacteria strains are shown in Table **[2](#T2){ref-type="table"}**. *Clostridium* cluster I correlated inversely with zonulin (r~s~ = -0.557; p \<0.05) and positively but only weakly with calprotectin (r~s~ = 0.461) and with CDT (r~s~ = 0.457, both p \<0. 1). *Faecalibacterium prausnitzii* correlated with *Akkermansia muciniphila* (r~s~ = 0.619; p \<0.01).

Zonulin correlated with cognitive parameters CDT (r~s~ =-0.542;p \<0.05), and MMSE (r~s~=-0.531; p \<0.05).

BNDF correlated with vitamin D concentrations (r~s~ = 0.767; p \<0.001) and inversely with nitrite levels (r~s~ = -0.575; p \<0.05). No significant correlation was seen between the other parameters investigated.

3.2. Influence of Supplementation with Probiotics {#sec3.2}
-------------------------------------------------

The intake of probiotics was well tolerated and no side effects were reported. Paired serum specimens before and after supplementation were available of 15 patients (7 males, 8 females). Paired stool specimens before and after supplementation were available of 18 patients (9 males, 9 females). No significant change was observed with all cognitive parameters after probiotics supplementation for 28 days, likewise there was no significant change in the concentrations of tryptophan, phenylalanine and tyrosine. However, a significant increase of kynurenine serum levels (p \<0.05) was observed after probiotic supplementation (see Table **[3](#T3){ref-type="table"}**), but this did not lead to a significant change of the Kyn/Trp concentrations. A trend of an increase of neopterin and nitrite concentrations (p \<0.1) was seen. A significant correlation existed between the delta values (before - after) of neopterin and Kyn/Trp concentrations (rs = 0.611, p \<0.05).

There was no difference of the BDNF levels before and after 4 weeks of supplementation with probiotics (before mean ± SD 209 ± 126, range: 15.6 - 457 pg/ml); after: 201 ± 121, range: 30.9 - 476 pg/ml).

The RNA content of fecal bacteria strain *Faecalibacterium prausnitzii* significantly increased between baseline and after 4 weeks of supplementation with probiotics, whereas contents of *Clostridium* cluster I *and Akkermansia muciniphila* did not change (Table **[2](#T2){ref-type="table"}**). Zonulin concentrations declined between the two time points before and after 4 weeks of supplementation with the probiotic.

4. DISCUSSION {#sec4}
=============

The pathology of AD is complex and dementia syndromes are a growing global challenge. Importantly, recent epidemiological data provide also some aspects, which point towards endogenous protective mechanisms \[[@r22]\]. Neuroinflammation is a characteristic feature in the early course of the disease. Investigations on the role of the human microbiota in immune-mediated inflammatory diseases including neurodegeneration and dementia are a topic of great relevance \[[@r23]\]. Moreover, the "superorgan" of intestinal microbiota bears the potential for the discovery of new diagnostic biomarkers and therapeutic targets of AD \[[@r24]\].

In earlier studies, we have reported on associations between the composition of the gut microbiome and certain biomarkers of immune activation and inflammation in patients with cognitive impairment (AD and mild cognitive impairment \[[@r25]\]). Moreover, probiotics have been shown in earlier studies to influence tryptophan metabolism and immunological regulatory circuits with no obvious side effects in, *e.g.,* patients with liver cirrhosis \[[@r26]\]. In addition, in training athletes probiotic treatment significantly reduced the number of infections \[[@r27]\].

In the present study, biomarkers of immune activation and inflammation were studied in serum and stool specimens of 20 AD patients. Compared to serum concentrations reported for healthy blood donors \[[@r28]\], the average concentrations of neopterin and Kyn/Trp were increased, while tryptophan concentrations were decreased in the patients. Moreover, strong associations between neopterin production and tryptophan breakdown were observed, indicating ongoing immune activation and inflammation. Interestingly, both tyrosine and phenylalanine concentrations were higher in patients compared to the concentrations determined in specimens of healthy blood donors \[[@r28]\].

For a subgroup of patients, data were available for a comparison of the situation before and after 28-days of supplementation with the probiotic, and signs of a further increase of immune activation were found. Similar results were described in earlier studies in patients with liver cirrhosis and in athletes during/after physical exercise \[[@r27]\]. Though the probiotic treatment and composition was different in those studies, results indicated a role of tryptophan signaling at different levels of the microbiota-gut-brain-axis \[[@r29]\].

Stool inflammation markers and microbiome composition were measured at baseline. Calprotectin is a complex of S100 calcium binding protein A8 (S100A8) and S100A9 \[[@r30]\]. Earlier studies described increased S100A9 expression in brains of AD mice and AD patients \[[@r31]\]. S100A12, another inflammation marker of this family, was measured in the present study at baseline and a clear correlation was found between stool S100A12 and results of CDT. This could indicate coincident low grade gut and systemic inflammation, which is consecutively followed by neuroinflammation and worse cognition, as has been suggested earlier \[[@r32]\]. These findings again point towards a probable role of silent inflammation in the different target tissue compartments as a cofactor in the pathophysiology of cognitive deterioration and dementia. In an earlier study \[[@r33]\], the potential role of pro-inflammatory S100A9 and S100A12 proteins in the pathogenesis of AD was described. In addition, circulating CRP, which is known to affect cognition negatively, was found elevated in these patients and represents a further sign of low grade inflammation.

The *Clostridium* cluster I correlated inversely with the zonulin levels, *Akkermansia muciniphila* correlated with *Faecalibacterium prausnitzii*. The inverse correlation between fecal calprotectin and both *F. prausnitzii* and *L. paracasei* suggests that intestinal inflammation may be related to a reduction in these bacteria \[[@r34]\]. All mentioned microbiota are known to be involved in competitive pro- and anti-inflammatory mechanisms, and thus could be relevant when being modulated in the progressive course of cognitive decline. In a recent study, a possible causal relation between gut microbiota-related inflammation and amyloidosis was suspected \[[@r35]\]. Age-related dysbiosis including diminished presence of the suggestible anti-inflammatory *Faecalibacterium prausnitzii* might be associated with cerebral accumulation of ß-amyloid in AD \[[@r36]\]. Gut microbiota is able to release ß-amyloid and lipopolysaccharides, which are inactivated by a healthy immune system, but when these mechanism fail, the consecutive overproduction of pro-inflammatory cytokines is suggested to be related to the pathogenesis of AD \[[@r37]\].

Gold *et al*. reported on the anti-inflammatory action of α~1~-antiptrypsin on microglial-mediated neuroinflammation *in vitro* \[[@r38]\]. In the present study, anti-inflammatory α~1~-antitrypsin strongly correlated with pro-inflammatory S100A12. α~1~-Antitrypsin also correlated with zonulin, which plays a critical role in increased age-related gut permeability, known as the "leaky gut" \[[@r39]\]. In addition, zonulin correlated inversely with CDT and MMSE in the patients. Also the finding of an association between CDT and *Faecalibacterium prausnitzii* could be of greater relevance pointing to the role of specific bacteria composition in the course of AD. These findings further indicate changes in the microbiota-gut-brain-axis resulting in neuroinflammation, an early event in the pathogenesis of AD \[[@r40]\].

In a recent animal study, the importance of host microbiota for microglia function was described for the brain's innate immune system and for its possible role in different neuropsychiatric diseases and neurodegeneration \[[@r41]\]. Activation of immune cells by bacteria-derived products like lipopolysaccharides results in local synthesis of 1,25(OH)~2~ vitamin D in the gut. Alternatively, the use of probiotics may regulate the responsiveness of immune cells to vitamin D by enhancing the expression of vitamin D receptor thus reducing tissue inflammation \[[@r42]\].

Probiotic supplementation caused a significant increase of serum kynurenine, which could indicate the stimulation of the immune system, leading to the modulation of the tryptophan pathway involving indoleamine 2,3-dioxygenase-1 \[[@r43], [@r44]\]. The correlation observed between ΔKyn/Trp and Δneopterin concentrations further supports this conclusion.

However, our study is clearly limited by the small number and by the lack of an untreated control group. Moreover, it lacks a detailed dietary questionnaire. Further, deeper investigations on the production of tryptophan catabolites kynurenic acid and quinolinic acid was not in the focus of the present study. These pathways are of greater relevance inside the brain only, because both compounds do not cross blood-brain-barrier easily \[[@r45], [@r46]\]. Kyn/Trp was used as index for tryptophan breakdown because it reflects the first step of cytokine-induced tryptophan breakdown on which all other down-stream metabolites depend on. If tryptophan becomes low, the brain supply is lowered and it is directly linked to the production of down-stream catabolites.

Although the progression of AD is associated with an increase of immune activation, which is reflected by increasing neopterin \[[@r15], [@r16]\] and kynurenine concentrations \[[@r17], [@r18]\], this immunobiological strategy could represent a way how the Th1-type immune system tries to compensate mechanism that drives the pathogenesis of AD and involve events that relate to Th2 type immunity (Fig. **[1](#F1){ref-type="fig"}**). Similar observations were made in a recent study in patients with liver cirrhosis \[[@r26]\]. In the same directions are results of an animal study with aged rats in which probiotic treatment caused changes in genes controlling inflammatory and neuronal plasticity processes and consecutively an increase in expression of BDNF and synapsin in hippocampal tissue \[[@r47]\]. In our, BDNF correlated with vitamin D and inversely with nitrite, but no change could be seen in serum BDNF levels after probiotic supplementation.

The increases of kynurenine concentrations correlating with neopterin could indicate a worsening of the underlying pathogenic mechanism. However, it could also represent a protective adjustment to escape the inflammation process. This is becoming more and more clear regarding tryptophan breakdown which on the one hand is part of the antiproliferative activity of the immune system, but on the other has also an immunosuppressive component when tryptophan starvation hampers the functioning of the immune system because the kynurenine produced triggers regulatory T-cells, which dampen the inflammation process. Recently tryptophan restriction was found to increase microbial diversity in a murine model \[[@r48]\].

The role of prebiotics and diet as additional drivers of gut microbiota in modulating dementia \[[@r11], [@r49], [@r50]\] has to be studied in the future. Analysis of microbiota in correlation to genetic factors as the Apo E status and additional genetic mutations like TREM 2, a microglia receptor involved in ß-amyloid clearance \[[@r51]\], could give additional information in terms of prevention of cognitive decline and dementia \[[@r52], [@r53]\].

CONCLUSION
==========

An increase of serum kynurenine levels was observed after probiotic supplementation most probably caused by macrophage activation similar to recent findings in patients with liver cirrhosis \[[@r26]\] and after physical exercise \[[@r27]\] receiving probiotic treatment. The results of the here presented study can only be regarded as preliminary due to the small sample size. Another limitation is that the study is not placebo controlled. Double blind placebo-controlled measurements of the inflammation markers before and after probiotic supplementation in larger populations including cognitively normal subjects are warranted to show whether probiotic supplements are able to modulate cognitive deterioration and dementia.

Nevertheless, the here reported changes point towards the activation of immunologic processes. On the one side, the stimulation of anergic immune cells could trigger mechanisms that are helpful in removing amyloid aggregates and damaged cells, on the other side, too intensive activating events could negatively impact gut barrier function and further stimulate neurodegenerative processes.
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![The proposed role of immune activation arms in Alzheimer's disease (AD). (A) Oxidative stress is associated with Th1-type immunity and suppresses the Th2-arm, and vice versa. Both, the composition of diet and the microbiome, influence immune homeostasis in a physiological range. While the establishment of tolerance requires more Th2-like conditions, a deviation to pro-oxidative Th1 is necessary for an efficient removal of pathogens, tumor cells and amyloid proteins. The preponderance of a strong reductive milieu, e.g., due to excessive intake of food antioxidants and likewise the presence of chronic oxidative stress are crucial in the progression of a variety of disorders. (B) Corresponding hypothesis: It is suggested that in early stages of AD there is an inefficient clearance from amyloid precursors, potentially due to overwhelming Th2 conditions which in the course of disease development from mild cognitive impairment (MCI) to AD promote an activation of counteracting Th1-type immune mechanisms that also lead to neuronal damage.](CAR-15-1106_F1){#F1}

###### 

Baseline characteristics and concentrations (mean [+]{.ul} SD, ranges in brackets) of serum immune activation and inflammation markers, of serum neurotransmitter precursor amino acids, of vitamin D and of brain-derived neurotrophic factor (BDNF) in 20 patients with Alzheimer's dementia at study entry.

  Age \[y\]                     76.7 ± 9.7            (60 - 93)
  ----------------------------- --------------------- ---------------
  Sex                           9 females, 11 males   
  MMSE                          17.9 ± 7.9            (0 - 30)
  Clock drawing test            4.1 ± 2.8             (0 - 9)
  Neopterin \[nmol/L\]          10.0 ± 5.2            (2.0 - 23.7)
  Kyn/Trp \[µmol/mmol\]         38.6 ± 15.1           (6.8 - 80.3)
  Kynurenine \[µmol/L\]         1.86 ± 0.59           (1.1 - 7.0)
  Tryptophan \[µmol/L\]         53.3 ± 13.6           (22.6 - 85.5)
  Phe/Tyr \[µmol/µmol\]         0.68 ± 0.16           (0.34 - 0.90)
  Tyrosine \[µmol/L\]           145 ± 28.3            (93.7 - 204)
  Phenylalanine \[µmol/L\]      97.7 ± 25.5           (32.1 - 141)
  Nitrite \[µmol/L\]            43.9 ± 30.9           (5.3 - 105)
  C-reactive protein \[mg/L\]   1.6 ± 2.3             (0 -- 5.5)
  Vitamin D \[µg/L\]            25.7 ± 9.3            (9.6 - 44.1)
  BDNF \[pg/ml\]                154 ± 144             (15.6 - 457)

###### 

Concentrations of fecal inflammation markers and fecal bacterial strains (mean [+]{.ul} SD, range in brackets) in patients with Alzheimer's dementia (n = 18) before and after 28 days of a multi-specific probiotic supplementation.

                                     **Before**                   **After**
  ---------------------------------- ---------------------------- ----------------------------------
  α1-Antitrypsin \[mg/g\]            37.9 ± 23.7 (9.6 - 282)      44.7 ± 35.8 (6.2 - 520)
  Calprotectin \[mg/L\]              84.7 ± 71 (2.8 - 112)        119 ± 131 (3.8 - 123)
  Zonulin \[µg/L\]                   93.1 ± 56.3 (16 - 220)       66.6 ± 54.2 (19 - 213)\*\*
  S100A12 \[µg/L\]                   3.5 + 6.0 (0 - 23)           not available
  *Clostridium* cluster I\*          7.76 ± 1.10 (5.46 - 9.26)    7.92 ± 1.28 (5.34 - 10.2)
  *Faecalibacterium prausnitzii\**   8.25 ± 1.47 (5.15 -- 10.1)   9.04 ± 1.43 (5.83 - 10.9) \*\*\*
  *Akkermansia muciniphila\**        8.61 ± 1.67 (6.00 -- 10.9)   8.47 ± 1.85 (6.00 - 10.8)

(\*RNA copy/g feces, log10; \*\*U = 2.461, p = 0.01; \*\*\*U = 3.375, p \<0.001).

###### 

Concentrations of serum inflammation markers (mean [+]{.ul} SD and range) and of serum neurotransmitter precursor amino acids before and after 28 days of a multi-specific probiotic supplementation in 15 patients with Alzheimer's dementia for whom pre- and follow-up data were available.

                             **Before:**   **After:**                    
  -------------------------- ------------- ------------- --------------- -------------
  Neopterin \[nmol/L\]       9.8 ± 4.9     6.0 - 23.7    12.8 ± 10.1     6.6 - 44.5
  Kyn/Trp \[µmol/mmol\]      38.2 ± 13.8   17.8 - 80.3   39.4 ± 10.5     23.5 - 61.0
  Kynurenine \[µmol/L\]      1.82 ± 0.29   1.4 - 2.5     2.06 ± 0.42\*   1.3 - 2.6
  Tryptophan \[µmol/L\]      51.9 ± 15.0   22.6 - 85.5   54.1 ± 11.6     37.8 - 82.2
  Phe/Tyr \[µmol/µmol\]      0.77 ± 0.30   0.3 - 1.6     0.82 ± 0.24     0.5 - 1.26
  Tyrosine \[µmol/L\]        133 ± 33.5    86.6 - 199    146 ± 65.0      71 - 280
  Phenylalanine \[µmol/L\]   98.5 ± 29.1   32.1 - 143    111 ± 33.0      54.0 -- 174
  Nitrite \[µmol/L\]         238 ± 421     5.5 -- 1050   442 ± 514       20.0 - 1050

\*U = 2.481, p \<0.05.
